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I.  INTRODUCTION 


The  objective  of  the  program  executed  under  Contract  No. 
N00014-81-C-  2304  is  the  evaluation  of  a  unique  Surface 
Acoustic  Wave  (SAW)  resonator  element  proposed  by  RP 
Monolithics  for  application  in  multipole  bandpass  filters. 
The  economical  realization  of  multipole  SAW  resonator  filters 
having  steep  skirts,  low  loss,  and  high  out-of-band  rejection 
requires  the  availability  of  SAW  resonator  elements  having 
specific  attributes:  1)  reproducibility,  2)  high  coupling,  3) 
single  moded,  and  4)  high  Q.  The  resonator  element  studied 
during  this  program  was  invented  to  satisfy  these 
requirements . 

The  key  features  of  this  new  device  are:  1)  a  uniform  SAW 
velocity  throughout  the  structure  that  reduces  sensitivity  to 
variations  in  the  fabrication  process,  2)  independent 
realization  of  transduction  and  reflection  functions  that 
allow  high  coupling  and  good  longitudinal  mode  suppression, 
and  3)  a  self-aligned  multilevel  process  that  eliminates 
critical  alignments  and  promises  high  producibility  in  a 
volume  manufacturing  environment.  The  development  of  this 
device  is  an  extension  of  the  metal  cavity  resonator  concept 
pioneered  at  RP  Monolithics,  and  currently  in  volume 
production.  The  fabrication  process  incorporates  a  quartz 
etch  step  that  is  not  required  in  the  manufacture  of  the 
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metal  cavity  units.  However,  the  application  of  plasma 
quartz  etch  techniques  in  other  laboratories  implied  that  a 
major  process  de/elopment  would  not  be  required  to  achieve 
the  etch  uniformity  required.  Unfortunately,  this 
implication  was  false,  and  a  considerable  part  of  the  program 
was  expended  in  an  attempt  to  develop  the  requisite  quartz 
etch  process. 


The  most  successful  approach  investigated  during  this  program 
involved  the  use  of  an  ion  mill  for  the  quartz  etch.  Since 
the  ion  mill  also  attacks  aluminum,  it  was  necessary  to 
modify  the  process  slightly,  but  the  result  remains  a 
self-aligned  process.  Device  performance  in  a  50  ohm  system 
is  limited  by  high  insertion  loss  and  low  Q.  The  former  is 
primarily  due  to  the  relatively  high  transducer  impedance 
levels  caused  by  an  oversight  in  the  initial  device  design, 
while  the  latter  is  tentatively  attributed  to  redeposited 
material  within  the  grooves.  In  all  other  respects  it  is  in 
reasonable  agreement  with  theory. 


Section  II  of  this  report  reviews  the  common  multipole 
resonator  filter  elements  and  describes  the  etched  cavity 
resonator  concept  in  detail.  Subsequent  sections  describe 
test  device  design  and  experimental  results. 
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II.  RESONATOR  ELEMENTS  FOR  MULTIPOLE  FILTERS 


The  most  common  SAW  multipole  resonator  filter  elements  are 
one  and  two  pole  devices  based  on  one  of  three  basic  two-port 
resonator  structures  shown  in  Fig.  1.  Figure  la  shows  the 
grooved  reflector,  recessed  transducer  configuration  employed 
by  Tanski  [t-6].  The  recessed  transducer  metallization  is 
nearly  reflectionless  because  of  the  close  acoustic  impedance 
match  between  quartz  and  aluminum.  This  allows  the 
transducers  to  be  optimally  placed  within  the  cavity  to 
obtain  maximum  coupling  to  the  cavity  standing  wave. 
However,  the  SAW  velocities  in  the  transducer  and  grating 
regions  are  intrinsically  different,  and  variations  in  metal 
thickness  can  cause  shifts  in  the  resonant  frequency  relative 
to  the  grating  stop  band. 

Figure  1b  shows  the  grooved  reflector,  unrecessed  transducer 
configuration  employed  by  Cross,  et  al.  [7]  and  Wise,  et  al. 
[8].  The  transducer  metallization  causes  substantial 
reflection,  and  the  position  of  the  transducers  within  the 
cavity  must  be  adjusted  to  provide  coherent  reflections,  not 
necessarily  maximum  coupling.  This  structure  also  exhibits 
dual  SAW  velocities,  and  is  susceptible  to  variations  in 
metal  thickness  or  groove  depth. 

Figure  1c  shows  the  metal  cavity  resonator  structure  produced 
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at  RF  Monolithics.  The  reflective  gratings  are  realized  as 
shorted  metal  stripes,  as  opposed  to  the  etched  grooves 
employed  above,  and  the  transducers  are  effectively 
integrated  within  the  gratings.  In  order  that  the  primary 
resonance  occur  at  the  grating  stop-band  center  frequency, 
the  spacing  between  the  gratings  must  be  an  integer  number  of 
half  wavelengths.  If  the  stripes  in  the  center  phasing 
section  have  the  same  dimensions  as  those  in  the  gratings, 
then  either  abutting  or  eighth  wavelength  geometries  are 
required.  Instead,  the  periodicity  changes  very  slightly  in 
the  phasing  section  to  obtain  the  requisite  grating  spacing 
without  incurring  a  drastic  change  in  feature  dimensions  that 
would  increase  photolithographic  resolution  requirements.  In 
addition  this  approach  avoids  the  drastic  change  in 
reflection  coefficient  that  has  been  associated  with  bulk 
mode  scattering  [9]-  Most  importantly,  it  results  in  a 
resonator  structure  having  a  uniform  SAW  velocity  throughout 
the  structure,  reducing  sensitivity  to  variations  in 
fabrication  parameters. 

As-processed  device  yield  information  is  typically  sensitive, 
and  very  little  has  been  published  to  date.  Most  of  the 
literature  pertaining  to  etched  groove  devices  refer  to 
individual  trimming  of  devices  by  various  processes  to 
achieve  a  desired  frequency  tolerance.  Bulst  and  Willibald 
[10]  have  published  slice  maps  for  their  metal  cavity 
r  >nators  at  500  and  461  MHz  that  demonstrate  standard 
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deviations  of  approximately  50  ppm.  The  authors  attribute 
this  variance  to  variations  in  the  properties  of  the 
commercially  available  quartz  substrates,  specifically  caused 
by  varying  growth  conditions  from  the  X  and  Z  faces  of  the 
seed,  which  they  display  by  means  of  an  X-ray  topograph  of 
the  mapped  slice.  They  claim  that  15  ppm  variances  have  been 
obtained  on  defect  free  natural  quartz  substrates,  presumably 
at  the  same  center  frequency. 

Slice  level  testing  at  R?  Monolithics  shows  that  the  standard 
deviation  in  center  frequency  for  production  metal  cavity 
resonators  in  the  frequency  range  of  500  to  700  MHz  varies 
from  approximately  50  ppm  to  150  ppm,  depending  on 
metallization  thickness.  The  standard  deviation  between 
adjacent  devices  is  usually  within  confidence  limits  of  the 
slice  standard  deviation,  implying  that  the  mechanism 
responsible  for  the  variance  has  a  characteristic  dimension 
that  is  substantially  smaller  than  the  die  size.  Although 
variations  in  substrate  properties  may  be  of  significance, 
the  dependence  on  metallization  thickness  suggests  that  the 
effect  of  variations  in  stripe  profile  (through  the  stored 
energy  effect)  dominates  current  performance.  It  is 
anticipated  that  the  achievement  of  device  frequency  accuracy 
of  better  than  25  to  50  ppm  in  a  production  environment 
without  individual  trimming  requires  the  development  of  a 
fabrication  process  in  which  both  film  thickness  and  stripe 
profile  are  controlled  to  within  a  few  percent  of  nominal 


specifications . 


The  primary  motivation  for  the  use  of  etched  grooves  is  the 
hope  of  obtaining  better  aging  characterisitics  than  might  be 
expected  with  deposited  films.  This  hope  is,  as  yet, 
unsubstantiated,  and  excellent  aging  results  have  been 
reported  for  metal  cavity  resonators  [ 1 0 ] .  It  has  been 
demonstrated  that  substantial  aging  effects  are  induced  by 
metal  migration  effects  at  high  dissipated  power  levels. 
Since  the  highest  power  level  exists  in  the  region  between 
the  reflective  gratings,  this  effect  will  manifest  itself 
primarily  in  the  transducer  metallization,  which  must  be 
present  in  any  of  the  structures. 

Figure  2  compares  the  response  of  one  pole,  two  port 
resonators  for  each  of  these  structures.  The  symmetric 
response  of  the  recessed  transducer  resonator  is  due  to  the 
independent  realization  of  the  transduction  and  reflection 
functions.  Transducer  stripes  are  placed  at  the  peaks  of  the 
cavity  standing  wave  providing  maximum  coupling  to  the 
primary  mode.  As  shown  in  Appendix  I,  all  SAW  resonator 
structures  are  capable  of  supporting  at  least  three 
longitudinal  modes.  The  symmetry  of  the  transducer  placement 
in  this  case  determines  the  coupling  to  the  adjacent  cavity 
modes  having  opposite  symmetry.  In  two  pole  resonator 
elements  it  is  straightforward  to  position  each  transducer 
symmetrically  in  each  cavity  to  obtain  suppression  of  the 


adjacent  modes.  In  one  pole  units,  however,  it  requires 
splitting  one  of  the  transducers  into  two  sections  that  must 
be  interconnected  around  the  other  transducer.  As  shown  in 
Appendix  I  it  is  always  possible  to  prevent  strong  coupling 
to  the  higher  order  modes  by  reducing  the  groove  depth.  Of 
course,  the  grating  length  must  be  increased  proportionately 
if  the  Q  is  to  be  maintained. 

The  unrecessed  and  metal  cavity  structures  in  Pig.  2  have 
similar  non-symmetric  responses  due  to  the  fixed  relation 
between  transducer  and  reflector  stripes.  Since  the 
transducer  stripes  are  no  longer  positioned  at  the  peaks  of 
the  cavity  standing  wave,  the  adjacent  cavity  modes  (opposite 
symmetry)  near  the  reflector  stop  band  edges  can  be  strongly 
coupled.  Since  the  effective  grating  spacing  can  be  small, 
this  is  seldom  the  case.  As  shown  in  Appendix  I,  distortion 
of  the  transducer  response  due  to  internal  reflections 
results  in  the  observed  spuria  that  represent  a  serious 
performance  limitation  to  multipole  resonator  filters  using 
the  unrecessed  or  metal  cavity  elements.  The  relative  level 
of  the  low  frequency  spurious  in  the  metal  cavity  resonator 
is  proportional  to  the  ratio  of  transducer  length  to  grating 
length  for  a  fixed  reflection  coefficient.  Thus,  increasing 
transducer  length  to  increase  coupling  in  multipole 
applications  causes  a  degradation  in  out-of-band  rejection 
unless  metal  thickness  is  reduced  and  grating  length 
increased  proportionately. 
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The  etched  cavity  resonator  described  in  the  next  section 
combines  the  symmetric  response  of  the  recessed  transducer 
device  with  the  reproducibility  of  the  metal  cavity  design. 
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III.  ETCHED  CAVITY  RESONATORS 


As  shown  in  Appendix  I,  the  spurious  peaks  in  the  response  of 
a  metal  cavity  resonator  are  due  to  distortions  of  the 
transducer  response  which  depends  on  the  phase  of  the  grating 
reflection  coefficient.  A  modification  of  the  metal  cavity 
resonator  structure  that  allows  more  flexibility  in 
establishing  the  phase  of  the  reflection  coefficient  at  the 
cost  of  increased  photolithographic  resolution  is  shown  in 
Pig.  3-  In  this  structure  double  electrodes  are  employed  to 
realize  the  transduction  function  with  self  aligned  grooves 
to  realize  the  reflection  function.  The  relative  position  of 
the  grooves  now  determines  the  sign  of  the  reflection 
coefficient.  The  structure  shown  in  Pig.  3a  has  grooves 
positioned  between  electrodes  of  alternate  polarity  resulting 
in  a  situation  identical  to  the  metal  cavity  resonator  having 
an  aluminum  metallization.  A  resonator  designed  using  this 
topology  would  exhibit  a  low  frequency  transmission  peak  and 
a  high  frequency  transmission  zero.  The  structure  shown  in 
Pig.  3b  results  in  a  situation  that  is  identical'  to  the  metal 
cavity  resonator  having  a  gold  metallization.  The  frequency 
response  of  this  unit  would  be  characterized  by  a  low 
frequency  transmission  zero  and  a  high  frequency  transmission 
peak. 

Even  more  interesting  is  the  configuration  shown  in  Pig.  3c 
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Figure  3*  Etched  cavity  two-port  resonator  structures.  a.) 

Structure  having  a  high  frequency  transmission 
zero,  h.)  structure  having  a  low  frequency 
transmission  zero,  c.)  structure  having  symmetric 
response . 
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in  which  both  topologies  are  combined  to  give  a  symmetric 
response  with  reduced  Bpuria.  Since  the  reflection 
coefficient  changes  sign  at  the  ends  of  the  cavity,  an 
additional  180°  phase  shift  is  added  to  the  resonance 
condition  that  requires  an  integer  number  of  quarter 
wavelengths  in  the  cavity  spacing.  The  non-synchronous 
phasing  section  is  no  longer  needed  for  its  phase  shift,  but 
can  be  retained  to  provide  a  smooth  transition  between 
gratings  to  minimize  bulk  mode  scattering.  Figure  4a  shows 
the  frequency  response  of  a  one  pole  resonator  having  the 
parameters  listed  in  Table  I  that  was  calculated  using  an 
equivalent  circuit  technique.  The  real  part  of  the  input  and 
output  impedances  in  Fig.  4b  show  that  the  individual 
transducer  transfer  functions  are  not  symmetric,  although  the 
device  transfer  function  is  highly  symmetric,  with  good 
spurious  attenuation. 

Figure  5  illustrates  the  key  steps  in  the  fabrication  of  this 
device.  After  patterning  the  metallization,  a  second  coat  of 
photoresist  is  spun  on  and  the  second  level  pattern 
reproduced  as  in  Fig.  5a.  The  slice  is  then  etched  to  give  a 
groove  in  the  quartz  that  is  self  aligned  to  adjacent 
aluminum  stripes  as  shown  in  Fig.  5b.  Reactive  ion  etch 
techniques  exhibit  quartz  etch  rates  that  are  10  to  20  times 
the  etch  rate  for  aluminum  [ll],  resulting  in  the  desired 
self-aligned  groove.  Note  that  the  alignment  of  the  second 
level  maBk  is  non  critical,  in  that  the  alignment  tolerance 
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Table  I 


Device  Parameters  for  Figure  4 


Center  frequency 
Substrate  material 
Grating  length 
Transducer  length 
Spacer  length 
Beamwidth 
Metal  thickness 
Groove  Depth 


215  MHz 

ST  Quartz 

200  wavelengths 

40  wavelengths 

1/2  wavelength  (synchronous) 

100  wavelengths 

1000  A 

3000  A 


S 
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Input  Resistance  (fi) 


Figure  5 


Metal  v  ,  Resist 

tOi 


Substrate 


a. ) 


b.) 


p  izyajzya.i^ 


C .  ) 


Etched  cavity  resonator  fabrication  steps, 
a.)  Patterned  2nd  level  resist  aligned  on  first 
level  metallization,  b.)  self  aligned  quartz  etch, 
c.)  resist  removed. 
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is  established  by  the  dimensions  of  the  first  level  pattern. 
Finally  the  photoresist  is  stripped,  giving  the  finished 
device  topology  shown  in  Fig.  5c. 

Figure  6  shows  one  possible  configuration  of  a  two  pole 
resonator  using  the  self  aligned  process.  The  relative 
position  of  the  grooves  changes  between  transducer  T1  and  the 
coupling  grating,  and  between  transducer  T2  and  the  right  end 
grating  to  achieve  complementary  transducer  transfer 
functions.  The  transfer  function  for  this  device  is  shown  in 
Fig.  7a,  with  corresponding  device  parameters  listed  in  Table 
II.  Detailed  response  near  the  resonant  frequency  is  shown 
in  Fig.  7b. 

In  order  to  evaluate  the  etched  cavity  resonator  concept,  a 
mask  set  was  designed  and  fabricated  including  two  single 
pole,  two  port  resonators  having  slightly  different 
topologies,  and  two  identical  two  pole  resonator  filter 
structures.  A  plot  of  the  first  level  geometries  is  shown  in 
Fig.  8.  Resonator  A  incorporates  a  non-synchronous  spacer  to 
minimize  possible  bulk  mode  scattering.  Resonator  B  does  not 
have  a  spacer,  but  rather  has  two  grounded  stripes  between 
transducers  to  provide  isolation.  The  two  identical  two  pole 
structures  were  positioned  next  to  each  other  in  order  to 
evaluate  device-to-device  reproducibility.  Each  electrical 
port  in  the  two  pole  devices  is  an  individual  two  port, 
comprising  two  transducers  that  are  separated  by 
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Table  II 

Device  Parameters  for  Figure 

Center  frequency 
Substrate  material 
Grating  length 
Transducer  length 
Coupling  grating  length 
Beamwid  th 
Metal  thickness 
Groove  Depth 


* 


7 

215  MHz 
ST  Quartz 
200  wavelengths 
40  wavelengths 
100  wavelengths 
100  wavelengths 
1000  A 
3000  A 
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non-synchronous  spacers.  Besides  minimizing  bulk  mode 
scattering,  this  allows  individual  evaluation  of  each 
section.  The  individual  transducers  must  be  interconnected 
in  parallel  to  realize  the  complete  two  pole  device. 

The  response  of  each  of  the  devices  in  a  50  ohm  system  was 
calculated  using  an  equivalent  circuit  analysis  program. 
Figures  9  through  11  show  calculated  device  response  plots 
for  the  parameters  listed  in  Table  III.  Inadvertantly,  xhe 
effect  of  the  overlap  weighting  employed  to  minimize  the 
excitation  of  higher  order  transverse  modes  was  not 
incorporated  into  the  initial  analyses.  The  weighting 
function  is  a  modified  cosine  having  an  average  vain  of 
approximately  0.45*  The  impedance  levels  in  the  experimental 
devices  can  be  expected  to  be  a  fact  if  of  1  /  \..45)2  =  4.9 
times  larger  than  anticipated.  Preliminary  calculations  for 
the  device  parameters  listed  in  Table  III  predicted  an 
equivalent  series  resistance  of  about  100  ohms  in  the  single 
pole  devices,  resulting  in  approximately  6  dB  insertion  loss 
in  a  50  ohm  system.  Inclusion  of  the  effect  of  the  weighting 
function  in  these  devices  raises  the  series  resistance  to 
about  500  ohms,  and  the  insertion  loss  to  about  16  dB,  as 
shown  in  Figs.  9  through  11.  Thus,  the  devices  were  designed 
on  the  basis  of  an  optimistic  prediction  of  their  impedances, 
and  the  insertion  loss  predicted  in  the  figures  is 
substantially  higher  than  initially  anticipated. 
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Table  III 


Device  Parameters  for  Figure 

Center  frequency 
Substrate  material 
Grating  length 
Transducer  length 
Spacer  length 
Beamvidth 
Metal  thickness 
Groove  Depth 

Device  Parameters  for  Figure 

Center  frequency 
Substrate  material 
Grating  length 
Transducer  length 
Spacer  length 
Beamwid  th 
Metal  thickness 
Groove  Depth 

Device  Parameters  for  Figure 

Center  frequency 
Substrate  material 
Grating  length 
Transducer  length 
Spacer  length 
Coupling  grating  length 
Beamvidth 
Metal  thickness 
Groove  Depth 


9 

215  MHz 
ST  Quartz 
200  wavelengths 
40  wavelengths 
6  wavelengths 
100  wavelengths 
1000  A 
3000  A 

10 

215  MHz 
ST  Quartz 
200  wavelengths 
40  wavelengths 
1/2  wavelength 
100  wavelengths 
1000  A 
3000  A 

11 

215  MHz 
ST  Quartz 
150  wavelengths 
40  wavelengths 
6  wavelengths 
100  wavelengths 
100  wavelengths 
1 000  A 
3000  A 
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Figure  9.  Test  Bar  resonator  A  frequency  response. 
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Device  fabrication  and  test  results  are  discussed  in  the 


following  section. 


IV.  EXPERIMENTAL  RESULTS 


Initial  Test  Bar  lots  were  fabricated  with  2000A  aluminum 
metallizations  and  were  etched  in  a  planar  plasma  etcher 
using  CH^  and  02  [12].  Profilometer  measurements  indicated 
that  a  groove  depth  of  about  1300A  had  been  achieved, 
substantially  less  than  the  goal  of  3000  to  4000A. 
Evaluation  of  the  single  pole  test  devices  showed  that  the 
expected  frequency  response  had  been  achieved,  but  that  the 
most  severe  problem  was  multiple  moding.  Figures  12  and  13 
show  photographs  of  the  frequency  response  of  selected  single 
moded  devices  from  slices  2  and  3  of  the  first  lot.  The  best 
performance  was  observed  for  device  8-3  of  slice  2  which 
exhibited  an  insertion  loss  of  12  dB  in  a  50  ohm  system,  with 
an  unloaded  Q  of  15000,  about  60 %  of  the  material  limit  in 
air.  The  average  response  of  the  single  moded  devices  from 
the  first  lot  showed  an  insertion  loss  of  16  dB  with  an 
unloaded  Q  of  9000,  compared  to  predicted  values  of 
approximately  12dB  and  24000  respectively. 

The  groove  reflection  coefficient  was  measured  experimentally 
by  measuring  the  grating  transmission  coefficient  in  the 
coupler  section  of  a  two  pole  test  device.  Reflector  arrays 
at  the  ends  of  the  structure  were  damped  with  a  silicone 
rubber  compound.  The  measured  response  is  shown  in  Fig.  14 
which  shows  a  stop  band  attenuation  of  about  20  dB. 
Interpretation  of  the  experimental  data  is  somewhat 
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Figure  12.  Test  Bar  Slice  2  1-pole  experimental  response. 
Vertical  10  dB/div,  horizontal  1  MHz/div. 
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Figure 


214.6  MHz 


214.6  KHz 


.  Test  Bar  Slice  3  1-pole  experimental  response. 
Vertical  10  dB/div,  horizontal  1  MHz/div. 
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complicated  by  the  fact  that  the  transducers  are  incorporated 
within  the  grating.  Employing  the  expression  for  the 
transducer  transfer  function  given  in  equation  (12)  of 
Appendix  I  and  using  the  expression  for  the  grating 
reflection  coefficient  in  equation  (1)  of  that  appendix,  the 
transfer  function  of  the  experimental  device  at  the  center 
frequency  normalized  to  the  response  of  two  non-reflecting 
transducers  can  be  shown  to  be: 


T  =  2  [1  -  seeh(XLT)]  [1  -  tanh(KLR)]  /  (KLt)2  (l) 

Solving  (l)  for  X  results  in  the  experimental  value  K  = 
0.021.  The  first  order  reflection  coefficient  for  a  groove 
in  ST  quartz  is  approximately 

k  *  0.5  (h  /  A  )  sin( 2  w  d  /  A  )  (2) 

where  d  is  the  dimension  of  the  groove  in  the  propagation 
direction.  For  1/8  wavelength  grooves  1300A  deep,  this  gives 
a  value  of  K  =  2k  =  .64$,  less  than  one  third  of  the  value 
observed.  Although  the  groove  depth  is  uncertain  by  as  much 
as  50$,  the  value  of  K  is  substantially  larger  than  the  worst 
case  first  order  term.  This  suggests  that  the  shallow 
grooves  have  steep  walls,  thereby  increasing  the  contribution 
of  the  stored  energy  (second  order)  terms.  Figure  15  shows  a 
plot  of  K  versus  groove  to  space  ratio  for  various  edge 
profiles  as  specified  by  the  edge  to  space  ratio  [ 1 3 ] .  Note 
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that  K  is  a  strong  function  of  edge  to  space  ratio  for  steep 
walled  grooves,  leading  to  a  sensitivity  to  groove  profile 
that  can  be  expected  to  cause  variations  in  K  and  in  the  SAW 
velocity. 

Prom  these  results  it  was  concluded  that  device  performance 
was  limited  by  an  anomolous  loss  mechanism  and/or  by 
nonuniformities  in  groove  depth  or  profile.  Subsequent 
examination  of  these  initial  devices  in  an  SEM  [  1 4 ]  showed 
groove  depths  of  about  1400A  and  degraded  surface  quality 
both  within  the  grooves  and,  in  some  cases,  beneath  the 
second  level  resist  layer  as  shown  in  Pig.  16.  The  former 
condition  has  been  attributed  to  polymer  formation  during  the 
etch  caused  by  excessive  gas  pressure  and  low  plasma  power 
densities  [15].  The  measured  groove  depth  is  taken  to  the 
top  of  the  "pillars"  caused  by  polymer  formation,  the 
effective  groove  depth  is  undoubtedly  larger  than  this  value. 
The  polymer  layer  itself  can  be  expected  to  be  extremely 
lossy,  however,  it  was  in  all  likelihood  removed  by  the 
intense  UV  cleaning  employed  before  device  testing  [16].  The 
surface  irregularities  etched  into  the  quartz  will  also  cause 
increased  propagation  loss  due  to  nonsynchronous  scattering 
[17]. 


The  latter  condition  is  caused  by  polymerization  of  the 
second  level  photoresist  that  renders  it  insoluble  in  common 
solvents.  However,  this  layer  can  be  removed  by  ashing  in  an 


-34- 


Figure  16.  SEM  of  plasma  etched  device.  Magnification  10  k 


-35- 


oxygen  plasma.  Either  of  these  conditions  result  in 
additional  loss  that  can  be  expected  to  degrade  device 
performance . 

The  strong  dependence  of  K  on  groove  profile  suggests  that 
minor  variations  in  that  parameter  may  be  responsible  for  the 
multiple  moding  observed  by  causing  variations  in  velocity 
across  the  device.  Several  additional  slices  were  fabricated 
with  longer  etch  times  in  an  attempt  to  achieve  deeper 
grooves  with  shallower  walls.  No  improvement  in  device 
response  was  achieved  using  the  planar  plasma  etcher. 
However,  polymer  formation  inhibits  quartz  etching  [  1 5  ] ,  and 
it  is  likely  that  the  longer  etch  times  did  not  result  in 
substantially  deeper  grooves. 

Several  test  slices  were  subsequently  sent  to  Drytek,  Inc. 
[IS]  in  order  to  evaluate  the  application  of  reactive  ion 
etch  (RIE)  techniques.  Two  of  the  test  slices  were  metal 
cavity  resonators  designed  to  operate  at  503*5  MHz  with  a 
nominal  2500A  aluminum  metalization.  In  this  case  the 
devices  were  to  be  fabricated  with  1000A  of  aluminum  and  the 
quartz  etched  to  a  depth  of  1500A.  SEM  analysis  of  the 
completed  slices  indicated  that  the  quartz  had  been  etched  to 
1000A  with  steep  walls,  and  that  polymer  formation  had 
occurred.  Device  evaluation  showed  that  the  desired  X  had 
been  achieved,  probably  due  to  the  quartz  etch  profile, 
however  the  device  insertion  loss  and  unloaded  Q  were 
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substantially  degraded,  compared  to  the  metal  cavity  units. 
Average  device  parameters  are  listed  in  Table  IV. 


The  other  two  slices  processed  at  Drytek  were  Test  Bars  that 
had  been  completed  through  second  level  patterning.  In  order 
to  minimize  the  effect  of  photoresist  polymerization,  the 
second  level  pattern  was  etched  in  a  2000A  chrome  film  that 
can  be  easily  removed  without  disturbing  the  underlying 
aluminum  pattern.  Device  evaluation  showed  that  K  had  more 
than  doubled,  but  that  the  device  response  had  not  improved. 
Figure  17  shows  the  response  of  one  of  the  few  devices  that 
exhibited  single  moded  response.  Figure  18  shows  an  SEM 
photograph  of  the  surface  of  one  of  the  test  devices  from 
which  all  metal  has  been  removed.  The  apparent  etch  depth  is 
5000A,  but  the  vertical  walls  and  substantial  polymer 
formation  have  unquestionably  degraded  device  response. 

In  a  final  attempt  to  achieve  reasonable  and  reproducible 
device  response,  the  self  aligned  process  was  altered  to 
permit  ion  milling  of  the  quartz  grooves.  Ion  milling  is  a 
well  developed  process  in  which  etch  contour  can  be 
controlled  [19],  however,  there  is  little  etch  selectivity 
between  aluminum  and  quartz.  Figure  19  shows  the  key  steps 
in  the  modified  process.  The  main  difference  is  that  the 
first  level  photoresist  is  not  removed  before  the  second 
level  resist  is  applied  and  patterned.  Thus  the  first  level 
resist  acts  as  an  etch  mask  to  prevent  erosion  of  the 
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Table  IV 
303-5  MHz  Resonator  RI5 
Parameter  Meti  1 


Metal  thickness 

23 

Etch  depth 

Insertion  loss 

4 

Unloaded  Q 

20 

Evaluation  Data 


Cavity 

RIE 

00A 

1000A 

- 

1000A 

d? 

7.9<3B 

-3  0. 
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Figure  19.  Ion  milled  etched  cavity  process  steps. 

a.)  First  level  metal  patterned,  resist  not 
removed,  b.)  second  level  resist  patterned,  c.) 
after  ion  milling,  d.)  all  resist  removed. 
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aluminum  pattern  during  groove  formation.  Any  resist 
remaining  after  the  milling  operation  is  polymerized  and  must 
he  removed  in  an  oxygen  plasma. 

Evaluation  of  device  response  was  encouraging.  Although  the 
Q  is  still  lower  than  expected,  the  devices  were 
predominately  single  moded.  In  addition,  the  standard 
deviation  in  center  frequency  was  observed  to  be  less  than 
200  ppm,  a  substantial  improvement  over  earlier  results  and 
indicative  of  improved  control  of  device  topology.  Typical 
device  response  photographs  appear  in  Pig.  20.  The  grating 
transmission  experiment  was  repeated  and  the  results  shown  in 
Pig.  21  yield  a  value  of  K  =  0.018,  slightly  smaller  than  in 
the  initial  experiments. 

Figure  22  shows  an  SEM  photograph  of  one  of  the  ion  milled 
devices.  Although  there  is  evidence  of  redeposited  material 
in  the  grooves,  the  average  groove  depth  is  approximately 
3300A,  and  the  groove  profile  is  substantially  shallower  than 
observed  in  previous  attempts.  In  this  case  the  first  order 
groove  reflection  coefficient  gives  K  =  1.6#,  in  reasonable 
agreement  with  observation. 

Two  of  the  two  pole  filter  test  structures  were  found  to 
exhibit  reasonable  response,  albeit  at  high  insertion  loss. 
Figure  23  shows  the  frequency  response  of  these  devices 
obtained  using  an  RF  probe  at  slice  level.  Because  only  a 
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Figure  21.  Ion  milled  grating  transmission  response. 
Vertical  5  dB/div,  horizontal  1  MHz/div. 
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limited  number  of  probes  were  available,  these  response 
photographs  were  obtained  while  driving  only  one  of  the  two 
transducers  that  comprise  each  section.  Thus,  it  can 
reasonably  be  expected  that  the  insertion  loss  of  the 
complete  structure  would  be  about  6  dB  lower  than  shown. 

Although  better  reproducibility  has  been  achieved  using  ion 
milling,  the  high  insertion  loss  and  low  Q  are  still 
troublesome.  Recommendations  for  further  work  to  improve 
device  response  are  discussed  in  the  next  section. 
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V.  CONCLUSIONS 


The  experimental  results  from  the  first  lot  of  Test  Bar 
devices  showed  that,  although  the  expected  frequency  response 
function  was  achieved,  the  most  serious  problem  with  the 
etched  cavity  resonator  structure  was  the  poor  uniformity  in 
K,  the  groove  reflection  coefficient,  and  excess  propagation 
loss  that  is  suspected  as  being  due  to  the  poor  surface 
quality  in  the  grooves.  Subsequent  development  of  an  ion 
milling  process  resulted  in  better  uniformity,  but  the  loss 
did  not  improve,  probably  due  to  the  redeposited  material 
observed  within  the  grooves.  A  substantial  process 
development  remains  if  the  etched  cavity  structure  is  to  be 
effectively  utilized  in  realizing  SAW  resonator  elements  for 
multi  pole  filters. 

The  groove  depths  achieved  during  this  program  are 
substantially  below  the  limits  described  in  the  literature 
for  which  bulk  mode  radiation  losses  become  appreciable  [20]. 
However,  the  published  experimental  limits  were  established 
for  grooves  having  approximately  unity  groove  to  space  ratio, 
for  which  the  stored  energy  contribution  to  K  is  small  (see 
Pig.  15-)  The  small  groove  to  space  ratios  employed  in  the 
etched  cavity  structure  result  in  strong  stored  energy 
contributions  and  may  also  be  reponsible  for  enhanced  bulk 
mode  radiation,  resulting  in  lower  device  Q.  An  analysis  of 
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this  problem  is  beyond  the  scope  of  the  present  work,  but 
should  be  pursued  since  it  may  constitute  an  intrinsic 
limitation  to  the  etched  cavity  resonator  structure. 

Note  that,  although  the  frequency  response  function  of  the 
etched  cavity  structure  is  symmetric,  the  individual 
transducer  transfer  functions  are  non-symmetric ,  and  the 
transducers  are  not  peak  positioned.  This  situation  is  due 
to  the  fact  that  the  groove  reflection  coefficient  is 
imaginary  when  referenced  to  the  center  of  transduction  which 
is  located  in  the  center  of  a  gap  between  electrodes  of  the 
same  polarity  [21].  Were  it  feasible  to  recess  one  of  the 
transducer  stripes  within  a  groove,  the  additional  90°  phase 
shift  would  result  in  synchronization  of  reflection  and 
transduction  functions,  thereby  realizing  peak  coupling  to 
the  cavity  standing  wave.  Of  course,  such  a  condition  cannot 
be  realized  with  a  self  aligned  process. 

Figure  24  shows  the  topology  of  a  structure  that  does  not 
require  etched  grooves,  but  results  in  peak  positioned 
transducers  and  a  symmetric  frequency  response.  Rather,  a 
double  level  metallization  is  employed  to  synchronize 
reflection  and  transduction  functions.  This  technique  has 
been  employed  recently  to  evaluate  a  unique  low  loss  filter 
concept  based  on  the  control  of  transducer  internal 
reflections  [22].  A  reprint  of  the  paper  describing  the 
theory  and  experiments  that  was  delivered  at  the  1982  IEEE 


Figure  24.  Double  level  meta1  yeaonator  structure 
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Ultrasonics  Symposium  is  included  in  Appendix  II.  Figure  25 
shows  the  key  fabrication  steps  involved.  The  first  level 
pattern  delineating  all  critical  geometries  is  first  etched 
into  the  double  level  metallization  as  3hown  in  Fig.  25a. 
After  stripping  the  first  level  resist,  a  new  layer  of  resist 
is  applied  and  the  second  level  pattern  is  exposed  and 
developed,  resulting  in  the  structure  shown  in  Fig.  25b. 
Note  that  the  process  is  again  self  aligned,  but  requires 
that  the  two  metals  employed  be  compatible  for  selective 
etching,  or  that  a  thin  barrier  metal  film  be  deposited 
between  identical  metal  layers.  The  final  pattern  is  shown 
in  Fig.  25c. 

Based  on  RF  Monolithics'  experience  in  fabricating  multilevel 
low  loss  SAW  filters,  and  on  the  preliminary  results 
discussed  in  Appendix  II,  it  is  anticipated  that  this  double 
level  metal  approach  will  be  considerably  more  reproducible 
than  the  etched  cavity  approach,  and  will  lead  to  high 
performance  SAW  resonator  elements  for  multipole  filter 
applications . 
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Figure  25-  Double  level  metal  fabrication  steps. 

a.)  First  level  patterned  in  both  metallization 
layers,  b.)  second  level  resist  patterned,  c.)  top 
level  metallization  etched  and  resist  removed. 
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APPENDIX  I 


Spurious  Modes  in  SAW  Resonators 

In  this  Appendix  we  first  consider  the  excitation  of  the 
resonant  inodes  of  the  acoustic  cavity  formed  by  two  grating 
reflectors.  The  structure  of  interest  is  shown  in  Fig.  1 
which  demonstrates  the  conventions  to  be  used  herein.  The 
grating  period  is  taken  to  be  p  =  2d  where  d  is  the  center  to 
center  spacing  between  individual  reflecting  elements.  The 
length  of  each  grating  is  Lp  =  N  p,  where  N  is  an  integer, 
while  the  grating  spacing  is  Lg  which  is  an  arbitrary  length. 
Employing  the  coupling  of  modes  formalism  [l],  the  reflection 
coefficient  of  a  single  grating,  referred  to  the  edge  of  the 
first  reflecting  element,  is  given  by 

R  =  [K  sinh(GLR)]/  [<j  cosh(GLR)  +  j  D  sinhtGLp)]  (1) 

where  K  is  the  reflection  coefficient  of  the  reflecting 
elements  per  wavelength,  D  is  the  detuning 

D  =  2  t  (  1/p  -  1/X  )  (2) 

and  G2  =  K2  -  D2.  Equation  (1)  has  particularly  simple  forms 
for  the  following  special  cases: 

a)  G  =  K,  D  =  0  (3) 
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|R!  =  tanh(KLR) 


<t>  =  0 

b)  G  =  0,  D  =  K  (4) 

!R !  =  [  1  +  (1/KLr)2  l"1/2 

<t>  =  tan~^  (KLr) 

c)  S  Lj,  =  j  t/2,  D  =  K  [  1  +  (  ir  /  2  KLp)2  l1/2  (5) 

!R S  =  [  i  +  (  /2KLR)2  j-1/2 

4>  =  *  /  2 

d)  GLR  =  d^fD  =  K  [  1  +  (  ir  /K  Lr  ) 2  l1/2  (6) 

!  R !  =0 

<t>  -  ir 

Case  a)  corresponds  to  the  grating  stop  band  center 
frequency,  while  d)  corresponds  to  the  first  zero  in  the 
grating  reflection  coefficient. 

We  first  consider  the  case  in  which  non  reflecting 
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transducers  are  placed  in  the  space  between  gratings.  This 
condition  can  be  realized  by  using  double  electrode 
transducers  or  approximated  by  recessing  aluminum  electrodes 
in  grooves  etched  into  the  quartz  surface.  The  resonance 
condition  is  satisfied  when  the  round  trip  phase  shift  is  a 
multiple  of  2  it  : 

20-4ff  Lg/x  =  2  n  i  (7) 

Note  that  since  <t>  equals  *■  at  the  first  zero  in  case  d)  ,  any 
finite  Lg  results  in  satisfying  the  resonance  condition  in 
(7 )  at  two  values  of  X  removed  from  the  center  frequency 
with  non-zero  reflection  coefficient.  Thus,  any  simple 
resonator  will  exhibit  at  least  three  resonant  modes, 
although  the  amplitudes  of  the  "adjacent”  modes  at  n±1  depend 
on  R  and  on  transducer  placement. 

At  the  grating  resonant  frequency,  <t>  =  0  and  (7 )  reduces  to 

-4  T  Lg  /  p  =  2  m  w  (8) 

where  m  =  n+1.  Combining  (7)  and  (8)  using  (2)  we  obtain  the 
resonance  condition  for  the  adjacent  modes 

DLg  =0(D)+»  (9) 

where 
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<t>  (D)  =  tan-1(  -  D  tan^GLp)  /  g  ) 


(10) 


Simplification  yields  the  resonance  criterion 

tan(DLg)  /  DLR  =  -  tanh(GLpj)  /  GLR  (11) 

Figure  2  shows  the  adjacent  mode  frequency  in  terms  of  D/K  as 
a  function  of  the  normalized  grating  spacing  KLg  for  typical 
values  of  KL^.  Note  that  the  y-intercept  for  each  curve 
corresponds  to  the  frequency  of  the  first  zero  in  R.  The 
main  result  of  the  data  in  Fig.  2  is  that  an  arbitrary 
grating  spacing  can  be  utilized  with  arbitrary  suppression  of 
the  adjacent  modes,  at  the  cost  of  reducing  K  and  increasing 

As  noted  by  Stevens,  et  al.  [2],  the  adjacent  cavity 
modes  have  symmetry  opposite  the  primary  mode  with  respect  to 
the  center  of  the  cavity.  Thus,  the  first  adjacent  modes  can 
be  effectively  suppressed  for  any  cavity  length  by  properly 
positioning  the  transducers  within  the  cavity.  Figure  3 
shows  one  possible  two  port  resonator  topology  requiring 
reflectionless  transducers  that  effects  this  suppression. 
Although  the  interconnection  of  the  split  transducer  is  an 
annoyance,  it  is  hardly  prohibitive.  As  shown  in  Fig.  2,  the 
second  set  of  adjacent  modes  having  the  same  symmetry  as  the 
primary  mode  are  not  troublesome  for  any  reasonable  cavity 
length . 


A  more  complicated  situation  exists  in  the  case  in  which  the 
transducers  are  reflecting.  In  this  situation,  the  position 
of  the  transducers  relative  to  the  grating  is  fixed  such  that 
all  reflections  are  in  phase.  With  this  constraint  it  is  not 
possible  to  position  the  transducer  electrodes  at  the  peaks 
of  the  cavity  standing  wave.  Thus  coupling  to  the  primary 
mode  is  reduced  and  coupling  to  adjacent  modes  is  assured. 
However,  the  effective  cavity  spacing  is  small,  reducing  the 
excitation  of  these  spuria  to  insignificant  levels.  The 
distortion  of  the  transducer  response  due  to  internal 
reflections  is  of  substantial  importance. 

The  structure  of  interest  is  shown  in  Pig.  4a.  The 
transducers  are  each  of  length  -  Mp,  and  are  synchronous 
with  the  gratings  of  length  Again  employing  a  coupling 

of  modes  analysis,  the  transfer  coefficient  from  the 
electrical  port  to  the  forward  acoustic  port  of  a  single 
grating  and  transducer  is  given  by 

A  =  jaVe-JDLT[{l-jR)(D-K)(cosh(GLT)_i )_jG(l+jR)sinh(GLT) ](12) 
G[Gcosh(<JLT)  +  j  ( D+ jKR ) sinh( GL»j> )  ] 

where  a  is  the  electromechanical  excitation  constant,  V  is 
the  terminal  voltage,  and  R  is  the  reflection  coefficient  of 
the  grating  given  in  ( 1 ) .  If  the  source  and  load  are  lightly 
coupled,  then  the  reponse  of  a  two  port  resonator  can  be 
evaluated  using  the  diagram  in  Pig.  4b  where  the  electrical 
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ports  are  coupled  to  the  resonant  cavity  through  the  transfer 
coefficient  in  (12).  Figure  5  shows  the  magnitude  of  (12) 
for  various  values  of  but  keeping  I*j>+Lr  constant.  The 

stripe  reflection  constant,  K,  is  taken  to  correspond  to  an 
aluminum  film  having  a  thickness  of  2%  of  the  acoustic 
wavelength  on  ST  quartz,  and  the  plots  have  been  normalized 
to  the  value  of  the  transfer  coefficient  for  a  reflectionless 
transducer  of  length  1^  at  its  center  frequency.  Note  that 
although  the  magnitude  of  the  low  frequency  spurious  is 
approximately  constant,  the  value  of  the  transfer  coefficient 
at  D=0  varies  considerably. 

The  low  frequency  spurious  occurs  at  a  frequency  for  which  jR 

is  real,  resulting  in  nearly  complete  reflection  of  the 

backward  generated  wave  in  synchronism  with  the  forward 

wave.  Thus  the  magnitude  of  the  spurious  is  approximately  2, 

and  it  occurs  at  a  value  of  D  given  approximately  in  (5). 

Since  R  is  approximately  unity  at  D=0,  the  peak  magnitude  at 
1  /? 

D=0  is  2  '  .  However,  in  long  transducers  a  portion  of  the 
energy  is  trapped  within  the  transducer  due  to  mechanical 
reflections,  and  the  response  at  D=0  diminishes.  Evaluation 
of  (12)  yields  an  expression  for  the  ratio  of  the  response  at 
the  low  frequency  spurious  to  the  response  at  D=0 

'Bj  =  21/2  KLt  /  (1  -  exp(-KLj))  (13) 

As  in  the  case  of  longitudinal  mode  generation,  it  is 
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possible  to  reduce  the  relative  amplitude  of  the  spurious 
response  by  reducing  K,  but  at  the  expense  of  increasing 
to  maintain  a  given  Q. 

Examination  of  equations  (l)  and  (12)  shows  that  the 
frequency  dependence  of  both  can  be  expressed  solely  in  terms 
of  D/K.  Thus,  changing  the  sign  of  K  results  in  reversing 
the  frequency  dependence  about  D=0.  The  acoustic  impedance 
of  gold  is  substantially  higher  than  that  of  ST  quartz, 
resulting  in  a  K  having  opposite  sign  to  that  observed  for 
aluminum.  Based  on  the  results  above,  it  would  be  expected 
that  resonators  fabricated  with  gold  and  aluminum  would  have 
complementary  frequency  response  functions  apart  from  the 
primary  resonance.  Figure  6  compares  the  response  of  two 
150MHz  two  port  resonators  having  identical  topologies  (  as 
in  Fig.  4),  but  fabricated  with  aluminum  and  gold 
metallizations.  The  observed  frequency  response  functions 
are  in  agreement  with  expectations.  Note  that  a  bimetal 
resonator  structure  could  be  constructed  that  would  result  in 
a  symmetric  response  having  low  off  resonance  spuria.  The 
challenge  of  adjusting  metal  thicknesses  to  precisely  match 
SAW  velocities  in  the  two  sections  is  considerable. 


-66- 


Figure  6.  Top:  aluminum  metal  cavity  resonator  response, 

vertical  10  dB/div,  horizontal  1  MHz/div.  Bottom: 
gold  metal  cavity  resonator  response,  vertical  10 
dB/div,  horizontal  1.5  MHz/div. 
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Abstract 

A  new  coupling-of-modes  (COH)  analysis  of  SAN 
interdigital  transducers  (IDTs)  Is  presented.  The 
analysis  Includes  the  effects  of  multiple 
reflections  within  a  transducer.  The  fundamental 
equations  are  derived  and  some  simple  closed-form 
results  are  given.  In  addition,  some  general 
properties  having  regard  to  the  relative  phase  of 
transduction  and  reflection  coefficients  within  a 
transducer  are  derived.  A  new  class  of 

unidirectional  transducers  is  proposed  which 
require  only  one  matching  network  and  do  not  have 
the  crossovers  required  in  current  three-phase 
designs.  These  single-phase  unidirectional 

transducers  (SPUDTs)  utilize  Internal  reflections 
within  the  transducer  to  achieve  unidirectional 
behavior.  Practical  Sf\JDT  configurations  are 
proposed  and  some  experimental  results  presented. 
The  application  of  the  new  COH  analysis  to 
synthesis  Is  discussed. 

Introduction 

Lumped  element  models  can  be  used  to  analyze  SAW 
IDTs  with  the  Inclusion  of  internal  ref lections .( \  1 
However,  since  such  analyses  are  numerical  In 
nature,  they  cannot  be  applied  to  the  problems  of 
synthesis.  Current  synthesis  techniques  Tor  SAW 
transducers  assume  that  Internal  reflections  within 
a  transducer  are  small  enough  to  be  neglected  .(2  ] 
Internal  transducer  reflections  are  generally 
undesired  and  therefore  split-finger  or  recessed 
electrode  configurations  are  employed  to  eliminate 
them.  However,  requiring  "a  priori"  that  there  be 
no  internal  reflections  everywhere  within  a 
transducer  removes  an  additional  degree  of  freedom 
in  the  design.  We  seek  to  demonstrate  in  this 
paper  that  such  reflections.  if  properly 
controlled,  can  be  used  to  advantage.  Hore 
specifically  they  may  be  used  to  achieve 
unidirectional  behavior  In  a  single-phase 
transducer . 

The  design  of  transducers  with  strong  internal 
reflections  requires  a  new  analysis  of  SAW  IDTs 
which  gives  closed-form  solutions  that  can  be 
Inverted  for  synthesis.  We  believe  that  COM  theory 
has  the  greatest  potential  for  achieving  this 
objective.  COM  theory  has  been  extensively  applied 
to  the  design  of  optical  dev  Ices . [ 3. R  1  However,  it 
has  fomd  only  infrequent  application  in  the  field 
of  SAW  devices.  Recently,  however,  the  power  of 
COM  theory  In  analyzing  SAW  grating  structures  was 
demonstrated .[S, 6 }  In  this  paper,  that  analysis  is 
expanded  upon  to  include  transduction .  The  new 
theory  can  be  used  to  obtain  exact,  or  approximate 
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closed- form  solutions  for  the  response  of  a 
transducer  with  strong  Internal  reflections.  The 
latter  can  then  be  used  for  synthesis. 

This  paper  proposes  for  the  first  time  a  new 
class  of  transducers,  namely  single-phase 
unidirectional.  By  appropriately  controlling  the 
amplitude  and  phase  of  the  reflection  coefficient 
in  a  transducer  unidirectional  behavior  can  be 
realized.  The  new  COM  analysis  can  be  used  to 
understand  and  synthesize  such  a  transducer.  These 
transducers  should  find  widespread  application  in 
low-loas  filter  applications. 

Theory 

Fundamental  Equations 

For  generality,  we  shall  consider  a  SAW 
transducer  in  which  reflections  are  caused  both  by 
the  electrode  fingers  and  also  by  a  reflective 
grating  within  the  transducer  [Fig. lb],  We  shall 
assume  that  the  nature  of  the  reflective  strips  is 
such  that  they  have  no  effect  on  transduction.  In 
addition,  we  shall  assume  that  the  ratio  of  the 
local  grating  period  to  the  local  transducer  period 
Is  a  constant .  By  displacing  the  reflective 
grating  with  respect  to  the  transducer  electrodes 
the  phase  of  the  local  reflection  coefficient  in 
the  transducer  may  be  varied  relative  to  the 
transduction  coefficient.  Later  in  the  paper,  we 
shall  propose  some  practical  configurations  for 
achieving  the  desired  phase  shift. 


I 

1-0 


FIG.  ta  Transducer  Configuration  for  the  COM 
Anal ysis 

For  simplicity  we  shall  assume  that  the 
transducer  is  uniform  in  the  transverse  (y) 
direction,  i.e.  no  overlap  weighting.  We  shall 
also  assume  that  the  transducer  is  sufficiently 
wide  that  diffraction  effects  can  be  Ignored.  With 
these  assumptions,  the  analysis  problem  becomes  one 
dimensional  with  a  dependence  on  x  alone.  A  set  of 
partial  differential  COM  equations  can  be  written 
to  describe  the  full  two  dimensional  problem, 
However,  the  equations  are  necessarily  more  complex 
and  will  not  be  considered  in  this  paper. 


70 


Likewise,  both  propagation  loss  and  finger  loss 
Mill  be  ignored. 

The  COM  equations  for  a  transducer  are  best 
introduced  by  first  considering  the  case  in  which 
the  transducer  [Fig. la]  is  short  circuited.  The 
equations  for  the  forward  and  reverse  propagating 
wave  amplitudes  R(x)  and  S(x)  respectively  are 

Rlx)  -  -;)[l<(x>e23*k]  e23,(x,Slx>  "> 


currant  along  the  transducer  I(x).  The  origin  will 
be  taken  at  the  center  of  the  firat  electrode 
finger,  or  group  of  siplit'-  finger  a.  If  the  voltage 
across  the  transducer  Is  V&  the  transducer 
equations  have  the  general  fora 

JL  i(«)  .  £k(xI  e23**]e234<X)  S(x)-J,<x)*M<xlV0 
Six)  •  J^lx)."234*  ]*"2MtxlR(xH}a(x)e"3*lx)v0 
Hx)  -  -)uClx)Vo  +8j  (x)  Rlx)  ♦  Sjlx)  Six) 


where  C(x)  is  the  capacitance /unit  length  of  the 
transducer.  The  tera  a  ( x)  is  the  transduction 
coefficlent/unlt  length  in  the  transducer. 
Reciprocity  and  power  conservation  can  be  used  to 
relate  the  coefficients  <>(*),  £.(i)  and  Bp(«). 
Reciprocity  requires  that  the  scattering  matrix  of 
the  equivalent  three-port  network  for  an 
Incremental  section  of  the  transducer  Is 
syaaetrlcal.  This  requirement  leads  to 

S,  <xl  -  -Jjalxle"3*1*1 

S2  (x)  .  -2ja(x)e3*(xl 
Power  conservation  then  implies 


S(x )  «  3  £k(x ie~2^*k J  e“2^* ,X JR<x)  ( 2 J 

if  R(x)  and  S(x)  are  symmetric  variables.  Here 
Rlx)  and  Six)  are  slowly  varying  wave  amplitudes 
defined  by 

Rlx)  .  Rlx)  c,l~"  '  ktKl 
Six)  =  Six )  e3'^  *  Xtx) 

where  «)  is  the  angular  frequency  and  k  is  the  mean 
propagation  constant  under  the  transducer.  The 
phase  detuning  is 


where  A  At)  is  the  period  of  the  transducer.  K(x) 
Is  the  coupling  coefficient /unit  length  between  the 
two  counterpropagatlng  waves  [not  to  be  confused 
with  the  electromechanical  coupling  coefficient 
(k  )  which  is  absorbed  in  the  transduction  function 
a  described  later].  In  general  it  is  a  result  of 
both  the  reflective  grating  and  the  transducer 
electrodes.  In  a  lossless  transducer  K(x)  is  the 
magnitude  of  the  coupling  coefficlent/unlt  length 
with  the  phase  angle  given  by 


a*(x)  ■  a(x) 

Thus  i(e)  must  be  pure  real.  The  COM  equations  for 
a  lossless  transducer  with  Internal  reflections  are 
there  fore 

jjHtxl  -  -)[Klx)e23,k]e23,tx)S(x)-3li(xle:1*lxlVo 

(5) 

S;s<x>  -  )[K(x>e‘2j*k]e'23,,*,R[x).3i>lxle~3,(xlV 

u  J  o 

d  <6> 

dT  11x1  *  "j  - c‘“»  vo 

-ijolx)  e'3*,Xl  *,X|  -J]a(xl  e3,(x,S(xl 

17) 

where  K(x)  and  o(x)  are  pure  real.  Uncoupling  RU) 
and  5(i)  from  (5)  and  (6)  gives  the  following 
equations  for  the  coiaiter  propagating  waves  In  the 
transducer 

R  * l x )  ♦  ije  'lajjp'lx)  -  K2lx)  R(x)  « 

Voe^lx)[alx)K(x)v2^  -  3  a'(x)-ja(x)^~^  ♦jtfftlj 


2tk  •  2  <2*  )X  (4) 

where  X  is  the  displacement,  in  the  ♦*  direction, 
of  the  first  effective  center  of  reflection  from 
the  origin  (*=0). 

The  full  COM  equations  for  a  transducer 
grating  configuration  such  as  that  shown  in  Fig.  1 
are  now  obtained  by  adding  transduction  terns  to 
the  shorted  grating  equations  ((?)  and  (2>).  In 
addition,  a  third  equation  is  required  for  the 


(6) 

s"lx)  -JJj'lx)]  S'lxl  -  K2(x)S(xl  - 

Voe3*(xl  [olx)Rlx)e23*k  ♦  J  a'(x)-]3(x)0-(-~^  -j«'(x)| 

19) 

where  the  prime  denotes  differentiation  with 
respect  to  x.  The  boundary  conditions  for  the 
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waves  are 

R  (o)  -  0  S(L}  -  0 

b'IL)  -  -jolL)  •1*a>  VQ  s'lo)  -  jolo)  Vo  1101 
where  the  transducer  occupies  the  region  0  <  x  L. 


Application 

If  the  coupling  coefficient  K(x)  In  a  transducer  Is 
a  constant,  i.e.  K  ,  and  the  transducer  period  is 
constant,  equations  (8)  and  (9)  for  the 
counterpropagating  waves  can  be  solved  exactly. 
This  holds  for  any  arbitrary  transduction  function 
a(x).  Expressions  for  the  outgoing  waves  R(L)  and 
S(0 ),  for  this  case,  can  be  obtained  in  closed 
fora.  In  addition,  the  transducer  Input  adnittance 
T  s  J(0)/V  can  also  be  obtained  froa  equation  (7). 
These  Solutions  would  apply  to  a 
withdrawal -weighted  transducer  with  duaay  fingers. 
As  verification  of  our  theory,  we  present  here  the 
closed  fora  expression  obtained  for  the  input 
conductance  of  an  unweighted  constant-period 
transducer  with  2  fingers/wavelength. 

For  the  general  case  in  which  reflections  are 
caused  both  by  the  transducer  electrodes  and  by  an 
Internal  grating,  [Fig.  lb]  the  conductance  is 

G  - 

So2  sinh2( BL/2)  I K  (K  -Acos  2$.  )cosh£L*-A(K  c©s2*  -A) 
c  *  o  it  J 

IK  2  -  A2)  IK  2  cash2  8L  -A2) 
o  o 

(11) 

where  a  as  the  transduction  coefficient  and  A 
represents  the  detuning  from  synchronism.  We  have 
l(x)  =  'x,  thus  froa  (j) 

A  =  kt  -  2"/  At 

al  so 


Note  that  the  Input  conductance  at  synchronism 
<  A  »  0)  is  Independent  of  the  phase  shift  A 
between  the  transduction  and  reflection 
coefficients.  For  the  simple  case  of  a  transducer 
with  no  internal  grating,  reflections  are  due  only 
to  the  electrode  fingers,  thus  s  0.  The  input 
conductance  is  then 


to  mass-loading  and  stored-encrgy  affects  which 
have  been  Ignored  here  for  simplicity. 


FIG.  2a  Conductance  of  a  78-Finger  Pair  Transducer 

2b  Results  from  Reference  1 

Equations  (6)  and  (9)  can  also  be  used  to 
determine  the  effect  of  varying  the  phase  angle 
between  the  centers  of  reflection  and  transduction 
within  a  transducer.  In  a  transducer  with  a 
symmetric  transduction  function  a(i)  t  a(L-i)  and  a 
symmetric  reflection  coefficient  K(x)  =  K(L-x)  it 
can  be  shown  that  for  a  symmetric  response,  i.e. 
R(L-x)  =  S(x),  we  require  Ak  s  0.  This  Is  the 
case  in  a  conventional  transducer  with  no  Internal 
reflective  grating.  If  +  \  0,  however,  even  In  a 

transducer  t*ilch  is  otherwise  totally  symmetric  the 
forward  and  reverse  propagating  waves  are  in 
general  not  of  the  same  magnitude.  This  result 
suggests  the  exciting  possibility  of  using  internal 
reflections  within  a  transducer  to  enhance  the  wave 
transduced  In  one  direction  at  the  expense  of  the 
wave  transduced  in  the  reverse  direction.  The  best 
choice  of  «  for  achieving  such  unidirectional 
behavior  is  relatively  straightforward . 

Consider  a  transducer  with  a  uniform 
transduction  coefficient  a(x)  s  and  a  uniform 
coupling  coefficient  *  K  The  solutions  for 

the  outgoing  waves,  from  (0),  l9)  and  <)0)  are 

.  c*  V  ejAL  (A-K  e  *3*k)(coshBL-l)- jb  sinhBL 
R(L)  *  o  o  L  Q _ _ _ J 

B  (6  cosh  8L  4  jA  sinh  6L) 

*lui  m  UQVo[(aV?i>k)(colltl  Sim.*!,] 


G 


BO  2  Kirtfi2(eL/2l  (K  cosh  PI.  .  A] 

-  ° _  O 

IK  +A )  IK  2coah^KL-A2) 


This  expression,  normalized  to  the  ideal  l tea 
conductance  in  the  absence  of  reflections,  is 
plotted  in  Fig.  2a  for  the  same  transducer 
parameters  that  were  analyzed  using  an  equivalent 
circuit  model  in  ref.  1.  For  comparison  the 
theoretical  and  experimental  results  from  ref.  1 
are  shown  In  Fig.  2b.  Agreement  with  the  lisped 
element  analysis  and  experiment  is  seen  to  be  very 
good,  except  for  the  shift  in  center  frequency  due 


6(B  cosh  BL  ♦  jA  sin);  0L) 

At  center  frequency  (  As  0)  the  directivity  of  the 
transducer  is  thus 


R(  L) 

2 

e23**  4  j  coth  ( K  L/2) 

o 

S  ( o ) 

e‘23*k  ♦  3  cothlKoL/2l 

This  expression  is  clearly  a  maxlmun  when  i  .  = 

v/M  (assuming  K  >  0).  From  (A)  to  achieve 

max  lava  unidirectional  ity  the  centers  of  reflection 
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in  the  transducer  must  therefore  be  displaced  a 
distance  X  «  A  /g  from  the  centers  of  reflection. 
This  result  is  also  intuitively  obvious.  Consider 
a  transducer  ulth  split- finger  electrodes  and  an 
Internal  grating  displaced  A  ^/8  in  the  ♦  « 
direction  froa  the  oenters  of  each  finger  pair 
[Fig.  31.  If,  as  in  the  oonTlguration  of  Fig.  1. 
the  reflecting  strips  do  not  Interfere  ulth 
transduction,  the  centers  of  transduction 
correspond  to  the  oenters  of  the  split  fingers.  In 
the  transducer,  the  oenters  of  reflection  coincide 
ulth  the  can -era  of  the  reflecting  strips,  since 
the  split-finger  electrodes  do  not  contribute  to 
the  reflection  coefficient.  Froa  the  COM  equations 
(1)  and  (2)  In  the  case  of  no  loss,  the  acoustic 
reflection  coefficient  at  the  oenter  of  each 
reflecting  strip  Is  -JK  at  synchronism.  For 
simplicity  ue  now  consider  the  acoustic  uaves 
generated  by  a  single  split-finger  pair  in  the 
transducer.  If  the  reflective  strips  are  all 
displaced  a  distance  i  *  A  /B  froa  the  centers  of 
the  split  fingers,  the  reflections  of  the  foruard 
acoustic  uave,  in  the  reverse  direction  are  all  out 
of  phase  ulth  the  direct  uave  transduced  in  the 
reverse  direction  [Fig.  31.  In  contrast,  the 
reflections  of  the  reverse  propagating  uave  in  the 
forward  direction,  are  all  in  phase  ulth  the  direct 
wave  transduced  In  the  forward  direction.  Thus, 
the  wave  transduced  In  the  reverse  direction  Is 
attenuated  as  a  result  of  destructive  interference 
whereas  that  In  the  forward  direction  la  enhanced 
as  a  result  of  constructive  interference.  If  K  < 
0.  the  direction  of  unidirectional lty  is  reversed. 


FIG.  3a  Split-Finger  Transducer  with  Internal 
Grating  Shifted  by  A  /8. 

3b  Acoustic  Reflections  in  Transducer 

We  say  obtain  an  estimate  of  the  magnitude  of 
the  coupling  coefficient  from  0  3).  With  ♦  *  * /4 

the  directivity  of  a  simple  SPUDT  at  center 
frequency,  ulth  constant  oq  and  Kq  Is 


cosh  (K  L/2)  ♦  sinh  (K  L/2) 

_ o  o 

cosh  (K  L/2)  -  sinh  (K  L/2) 

to  O  J 

«  t2*®1-  .  8.69  It  L  OB 

o 

Thus,  for  asample,  ulth  K  L  *  1  ua  may  achieve  a 
peak  directivity  at  center  frequency  from  such  a 
transducer  of  8.69  dB.  A  filter  comprised  of  two 
such  transducers,  under  matched  conditions,  would 

have  «  a  in  lam  insertion  loss  of  only  1.1  dB  ulth  a 
triple  transit  suppression  level  of  -37  dB. 

From  (11)  ue  may  determine  the  Input 

conductance  of  a  simple  SPUDT  (l.e.  constant 

period,  «  ,  K  ).  The  Input  conductance  is 
oo 

g  ^  BL/2)  (K^‘co^li 

lb  *  -  ^cowli^  PL-A^J 

o  u 

At  center  frequency  the  conductance  is  unchanged 
from  the  bidirectional  case  (eq.  (12)),  However, 
the  conductance  of  the  SWDT  is  totally  symmetric 
about  the  center  frequency  f  .  In  Fig.  4,  the 

conductance  is  plotted  of  a  ^K)DT ,  with  the  same 
parameters  as  the  bid irectlonel  transducer  of  Fig. 
2.  _ _ _ 


FIG,  4  Conductance  of  Constant -Period  Unweighted 
SPUDT. 

To  achieve  desired  passband  and  side-lobe 
characteristics  ulth  a  SPUDT,  in  general,  requires 
the  synthesis  of  a  spatially  dependent  coupling 
coefficient  K(i>.  Later  ue  shall  discuss  how  the 
COM  analysis,  presented  here,  may  be  applied  to 
such  a  synthesis.  However,  first  ue  propose  a 
practical  configuration  for  a  SPUDT  and  present 
some  eaperimental  results. 

A  Practical  SPUDT 


The  drawback  to  the  SPUDT  structures  shown  In 
Fig.  1  and  Fig.  3,  Is  that  the  reflective  strips 
must  be  either  an  insulating  overlay,  or  ind if fused 
or  Ion  Implanted  region  so  as  not  to  shift  the 
centers  of  transduction.  In  addition,  ulth  two 
fingers/wavelength  as  In  Fig.  1  if  the  electrode 
fingers  are  not  recessed  reflections  from  the 
flngerj  will  cause  a  shift  at  the  centers  of 
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reflection  a way  from  the  centers  of  the  reflective 
strips.  The  centers  of  reflection  end  transduction 
■ust  be  accurately  know  so  that  the  desired  phase 
shift  ♦  =  n  /*»  can  be  Maintained  throughout  the 

SPUDT. 


/  Mbiritawu.  WTkLUAriM 


FIO.  5  Practical  Configuration  for  a  SPUDT. 

A  practical  configuration  for  a  SPUDT  is  shown 
in  Fig.  5.  Split-finger  electrodes  are  utilized 
and  the  internal  reflections  are  achieved  by 
additional  mass  loading  of  alternate  fingers.  The 
muss  loading  simply  requires  an  additional 
metal izatlon  step.  In  such  a  structure, 

transduction  and  reflection  are  totally  separate 
and  controllable  functions.  The  split-finger 

electrodes  cause  no  reflections  and  the  mass 
loading  does  not  affect  transduction.  The 
displacement  in  this  structure  between  the  centers 
of  reflection  and  transduction  is  thus  exactly  A  /8 
as  desired  everywhere  in  the  transducer,  regardless 
of  K<«). 


To  verify  the  concept  and  analysis  of  a  SPUUT , 
a  simple  prototype  filter  was  fabricated  on 
ST -quartz.  The  filter  comprised  two  identical 

SPUDTs  with  constant  period,  a  and  K  ,  in  the 
on  figuration  shown  in  Fig.  f .  Tfte  two  sPuDTs  were 
fabricated  as  proposed  in  Fig.  5.  with  gold  being 
used  for  the  second  level  of  rt-tal  Izatlon .  For 
comparison,  an  identical  structure  was  also 

fabricated  witnout  the  second  level  metal izatlon . 
In  the  latter  device,  the  two  transducers  were 
therefore  bidirectional.  Experimental  measurements 
of  the  performance  of  the  filter  with  the  two 
SPUDTs  are  presented  in  Fig.  7.  The  filter  was 
tuned  for  minimum  Insertion  loss  at  center 
frequency.  As  the  matched  condition  was  approached 
the  level  of  triple  transit  suppression  in  the 


filter  increased.  In  contrast,  the  triple  transit 
suppression  degraded,  as  expected,  in  the  filter 
employing  the  bidirectional  transducers  as  it  was 
tuned  to  a  matched  condition.  The  triple  transit 
level  in  the  SPUDT  filter  was  -25  dB  compared  with 
only  -20  dB  in  the  filter  with  bidirectional 
transducers.  At  the  same  time,  the  minimi* 

Insertion  loss  was  approximately  6  dB  lower.  The 
SPUDT  filter  had  a  minimum  Insertion  loss  of 
approximately  6.5  dB  whereas  the  filter  with 
bidirectional  transducers  had  a  minimum  insertion 
loss  of  approximately  12.6  dB.  Both  insertion 
losses  are  higher  than  was  expected  as  a  result  of 
a  problem  with  surface  contamination.  However,  the 
experimental  results  clearly  demonstrate  the 
superior  peri  urmance  ciiarwc  ter  1  sties  and  practical 
realizability  of  a  SPUDT. 


1  MHz/Oiv. 


FIG.  7a  SPUl'T  Filter  InvrU  »r.  I.isn. 


lps/Div. 

FIG.  7b  Tri p 1 e-T rans 1 t  Response. 


SPUDT  synthesis 


The  synthesis  of  a  SPUDT  with  desired 
performwee  characteristics  is  a  more  complex 
procedure  than  that  required  for  conventional 
transducers.  In  conventional  bidirectional  or 
three-phase  unidirectional  transiucers,  trie  only 
design  variable  is  the  transduction  function  a(x). 
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This  Implies  that  only  on*  scattering  parameter  for 
the  transducer  oan  be  spaclflad.  Usually  tha 
transfer  function  between  tha  alactrlcal  and 
forward  acoustic  port  is  spaclflad  rtlch  results  In 
a  unique  «(■).  The  raflactlon  coefficient  on  tha 
forward  acoustic  port,  required  to  achieve  a  given 
level  of  triple- transit  suppression,  cannot  be 
specified  in  addition.  In  a  SfUOT,  however,  both 
o(x)and  K(x)  are  variables.  Therefore,  both  a 
desired  electro-acoustic  transfer  function  and  a 
desired  acoustic  reflection  coefficient  oan  be 

Independently  specified. 

An  appro* last e  synthesis  procedure  has  been 
developed  for  the  design  of  transducers  having  2  dB 
or  more  insertion  loss.  With  this  level  of 
insertion  loss  the  magnitude  of  the  coupling 

coefficient  required  in  the  transducer  reaalns 
relatively  small.  Approximate  closed- form 

solutions  which  can  be  easily  inverted  can  then  be 
obtained  from  the  CQH  equations.  The  synthesis  of 
K(x)  is  performed  independently  from  o{*).  From 
the  specifications  of  a  desired  electro-acoustic 
transfer  function  and  a  desired  reflection 

coefficient  on  the  forward  acoustic  port  the 

reflection  coefficient  on  the  forward  acoustic  port 
under  short  circuit  conditions  (V  *  0)  is 

determined.  The  required  form  of  lP(x)  is  then 
determined  from  the  COM  equations  (S>  and  (6) 

Independently  of  a(v).  Once  the  coupling 

coefficient  has  been  determined  the  transduction 

function  required  to  achieve  the  desired 

electro-acoustic  transfer  function  can  be  obtained. 
Again  approximate  solutions  to  the  COM  equations 
are  currently  used.  Work  is  presently  continuing 
to  develop  a  synthesis  procedure  for  lower  loss 
devices . 

Summary 

(1)  We  have  developed  a  new  COM  analysis  of  SAW 
IPTs  that  includes  the  effects  of  Internal 
reflections. 

(2)  Closed-form  solutions  to  the  COH  equations  can 
be  obtained  for  simple  transducers,  approximate 
solutions  for  more  comply  structures, 

(3)  The  closed-form  expression  obtained  for  the 
conductance  of  a  oonstant-perlod  unweighted 
transducer  is  in  good  agreement  with  experimental 
results . 

(а)  The  COM  analysis  reveals  that  if  the  internal 
reflection  centers  are  displaced  by  A  ^/B  from 
centers  of  transduction  unidirectional  behavior  can 
be  obtained  from  a  single-phase  transducer. 

(5 >  A  practical  configuration  for  a  SftJDT  has  been 
proposed  and  demonstrated. 

(б)  An  approximate  synthesis  procedure  for  a  SPUDT 
based  on  the  COM  analysis  has  been  developed. 

We  believe  that  SPUDTs  will  find  numerous 
applications  in  low-loss  flltars  and  other 
applications  In  the  near  future. 
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